Abstract: Personalized treatment using stem, modified or genetically engineered, cells is becoming a reality in the field of medicine, in which allogenic or autologous cells can be used for treatment and possibly for early diagnosis of diseases. Hematopoietic, stromal and organ specific stem cells are under evaluation for cell-based therapies for cardiac, neurological, autoimmune and other disorders. Cytotoxic or genetically altered T-cells are under clinical trial for the treatment of hematopoietic or other malignant diseases. Before using stem cells in clinical trials, translational research in experimental animal models are essential, with a critical emphasis on developing noninvasive methods for tracking the temporal and spatial homing of these cells to target tissues. Moreover, it is necessary to determine the transplanted cells, engraftment efficiency and functional capability. Various in vivo imaging modalities are in use to track the movement and incorporation of administered cells. Tagging cells with reporter genes, fluorescent dyes or different contrast agents transforms them into cellular probes or imaging agents. Recent reports have shown that magnetically labeled cells can be used as cellular magnetic resonance imaging (MRI) probes, demonstrating the cell trafficking to target tissues. In this review, we will discuss the methods to transform cells into probes for in vivo imaging, along with their advantages and disadvantages as well as the future clinical applicability of cellular imaging method and corresponding imaging modality.
INTRODUCTION
Despite the uncertainty of the clinical outcome, stem cells are increasingly being used to treat cardiovascular, neurological and other diseases [1] [2] [3] [4] [5] [6] [7] [8] . Genetically modified cells are considered for the use in the treatment of genetic disorders or in the treatment malignant tumors [9] [10] [11] [12] [13] . Cytotoxic T-cells (CTLs) or engineered T-cells are in the process of clinical trials for the treatment of hematopoietic or other malignant diseases [14, 15] . However, there is no Food and Drug Administration (FDA) approved imaging modality or imaging contrast agent available that can be used for the long term monitoring the migration of the administered cells, in vivo.
Recently, extensive animal investigations have used different imaging modalities to track the migration and follow up of administered cells. Usually, investigators manipulate cells ex vivo either by incorporating different exogenous imaging-contrast agents or by transfecting different reporter genes [16] [17] [18] [19] [20] [21] [22] [23] . Cells carrying contrast agents can be then detected by optical, magnetic resonance imaging (MRI) or nuclear medicine imaging methods. Cells carrying reporter genes are suitable for optical or nuclear medicine imaging techniques, such as single photon emission computed tomography (SPECT) or positron emission tomography (PET). In all cases introduction of exogenous agents in allogenic or autologous cells is restricted by the FDA for use in humans [16, 24] . In this review we will discuss the recent advancements in translational research that utilizes in vivo imaging *Address correspondence to this author at the Cellular and Molecular Imaging Laboratory, Department of Radiology, Henry Ford Hospital, 1 Ford Place, 2F, Detroit, MI 48202, USA; Tel: 313-874-4435; Fax: 313-874-4494; E-mail: saali@rad.hfh.edu techniques to track the migration and homing of administered cells and the use of different contrast agents to tag cells. We will also address the advantages and disadvantages of genetic modulation of cells for the purpose of tracking and functional modification, for both therapeutic and diagnostic purposes for use in clinical trials.
CELLS AS PROBES FOR IMAGING MODALITIES 2a. Optical and Fluorescent Imaging
There is growing interest in the field of optical imaging for establishing the efficacy of engineered stem cells for therapeutic applications. One of the major ways to ex vivo label cells is the use of reporter gene systems. This approach became crucial for cellular/molecular imaging and is based on using cells that were genetically engineered ex vivo. The gene of interest is chosen based on the imaging modality to be used, physiological events that are to be monitored or therapeutic goals to be achieved. However, the criteria for designing reporter gene systems are usually established based on the combination of imaging and therapeutic goals. The reporter gene of interest encodes the protein that when expressed, interacts with a specific imaging probe and the level of probe accumulation is proportional to the reporter gene expression levels. Currently, a need exists for an unambiguous, non-invasive identification of delivered cells and ideally, that corresponds to expression of previously silent markers of differentiation. The implementation of vector constructs that equip the cell with genetically encoded imaging probes is needed. The attributes of such constructs will be addressed in this section.
Tissue-Specific Opportunities
Promoter driven tissue specific expression of a transgene invites a variety of options for addressing the identification of an optimal promoter for robust gene expression during proliferation and differentiation [25] , with the subsequent potential for delineating cells throughout the course of their development [26] . Likewise, tissue specificity of the expression vector provides the capacity for investigating individual factors instrumental in the rise of a given cellular lineage [27] and subsequent visualization of the induction of such events [28] . Progress reports are also possible from the cells destinations, for example reporter genes responsive to hypoxia [29] or other cellular stresses [3, 30] triggered by microenvironment. Ultimately, vectors incorporating the ascribed specifications can also be equipped for execution of therapeutic mechanisms such as that of oncolytic retrovirus, herpes vector gene transfer [32, 33] or other targeted suicide gene delivery [34, 35] .
Transduction Methods
Reliable and cyto-compatible labeling of various types of stem cells in which preservation of proliferation and multilineage differentiation potential is necessary, requires realization of mechanistic crossover between transcriptional regulation of the transgene and the host cell. Currently, lentiviral and non-integrating lentiviral vector [36] based transduction has become increasingly popular owing to its highly efficient, long-term incorporation, with efficacy now extending to include stem cells [37, 38] . Successful transduction in dividing and non-dividing cells is also possible with replication deficient adenovirus, however potential toxicity [39] and relatively more limited efficiency of transgene expression has been reported [40] . Retroviral transduction is limited because it requires actively dividing cells and there is a potential [41] tendency for insertional mutagenesis or generation of replication competent virus [42] . There is the benefit of minimization of gene silencing through viral transduction. However, there is also the propensity for gene silencing noted in cell lines carrying a cytomegalovirus (CMV) promoter independent of transduction method used [43] [44] [45] . Nonviral gene delivery generally has a lower transduction efficiency and while circumventing the safety concerns of viral methods, it presents additional complications by way of modifying intracellular pathway [46] or stimulating of the immune or anti-inflammatory responses by cationic transfection agents [47, 48] or poor degradability and cytotoxicity [49] .
Luciferase and -galactosidase Provide Feedback
Bioluminescence imaging (BLI) can not be translated to the clinic. The technique is particularly relevant for experimental studies with the goal of clinical transition of cellbased therapy. The establishment of preliminary groundwork has been noted recently in a number of cell tracking studies [50] . Furthermore, as an imaging modality BLI has limited spatial resolution capacity (2-3mm) and therefore depth penetration (1cm) with essentially no background (maximal signal to noise ratio) and can be used in a fairly high throughput manner requiring minimal post processing of the data. BLI data reflects viable, metabolically active, cellgenerated activity only, and will not provide false positives results that are particularly beneficial for cell trafficking studies. Among the genetically expressed photoproteins used as bioluminescent reporters, that of the sea pansy, Renilla reformis, (-475nm em. peak, substrate coelenterazine) and firefly, photinus, (560 nm em. peak, substrate luciferin) are the most popular bioluminescent reporters for small animal imaging. These are often used for in vivo sequential differential imaging, providing fast, convenient and noninvasive measurements to be obtained before, during and after treatments [22, 51, 52] .
At present, the overall trend within BLI and in vivo optical imaging is the active search and development of substrates having "red shifted" fluorogenic properties that take advantage of far-red (600-650nm) and near-infra-red (650-900nm) spectral windows in order to minimize the absorption and scattering of photons from tissue. In the interest of resolving signal from deeper within tissues, the search for luciferin and luciferin-like substrates that are more thermostable and maintain high overall photon yield while emitting a majority of photons in the red portion of the emission spectra (above 600nm) is currently underway [53, 54] . Other variations of luciferase are being considered including click beetle red (CBRed) and click beetle green (CBGr68 and CBGr99) [56] [57] [58] [59] . There is also an active search to produce stable, red-shifted mutants of Renilla [55] . Thermostable red and green firefly luciferase mutants are also being optimized for dual-color bioluminescent reporter assays potentially capable of monitoring two distinct activities at 37°C [56] . Similarly, novel red and green-emitting luciferases of railroad worms (Phrixothrix) are being developed for multiple gene expression in mammalian cells [57] . However, the practicality of such reporters for BLI in live animals has not been reported.
There is an increasing interest in expanding the use of beta galactosidase activity for immunohistochemical application toward that of non-invasive, in vivo detection methods. Recent studies have used -Gal-derived cleavage of a far-red smart fluorogenic substrate (DDAOG) for in vitro and in vivo 2D-fluorescence reflectance imaging [58, 59] . However, accurate quantitation of this application may warrant threedimensional tomographic imaging and potentially a more red-shifted substrate molecule. Direct application of "sequential reporter-enzyme luminescence (SRL)", toward imaging of -galactosidase activity in live mice [60] has been reported, as Fluc-generated luminescence is derived through activation of caged galactoside-luciferin conjugate, lugal [61] . Unlike standard Fluc assessment, this SLR approach does permit detection of signal outside of living cells as does that of another model proposing a specific blood assay for circulating luciferase [62] . Either approach may potentially be applicable in monitoring circulating cell viability in vivo.
Fluorescent Feedback
Organic fluorophores such as rhodamine, fluorescein, DAPI, PKH26 and alexa 488, are among the most commercially available, inexpensive, widely and easily used for a variety of straightforward shorter term labeling applications in cell and developmental biology [68, 69] . However, these fluorphores are often subjected to photobleaching and/ or quenching and may be sensitive to changes in pH and chemical degradation. Moreover, organic dyes hold little promise for the current calling of long term labeling for cell tracking strategies. Alternatively, genetically encoded fluorescent proteins such as green fluorescent protein (GFP) have widespread application in cell labeling and potentially has far better photostability and overall luminescence time than organic dyes [25, 29, 32, 33] . Even genetically encoded fluorescent proteins like GFP are subject to the limitations of generally broad emission spectra capable of generating false positive results and an overlap of emission spectra with tissue autofluorescence as well as absorption and limited resolution to a few millimeters. Enhanced red-shifted versions of fluorescent proteins such as DsRed, proved capable of giving several orders of magnitude higher signal intensity in vivo, as compared to bioluminescence, however the large background autofluorescence severely reduces signal-to-noise ratio [63] . Potential improvements in brightness and photostability of in vivo fluorescence imaging are underway with subsequent generations of monomeric red fluorescent protein (mRFP1) [64] of the 'mFruits' such as tdTomato and TagRFP-T [65, 66] . In addition methods for optimizing expression of individual components of multimodality fusion vectors are in progress, such as a thermostable variant of firefly luciferase joined with mRFP and herpes simplex virus 1 thymidine kinase gene (tk) that demonstrated superior expression from all three reporter proteins [65] .
With the widespread implementation of fluorescence and bioluminescence based applications essential in extracting functional non-invasive disease state information, an overwhelming need exists for more accurate methods for quantification of transgene expression [63, [67] [68] [69] [70] . Many critical parameters such as the tissue-to-detector geometry, autofluorescence, tissue optical properties, absorption and scattering remain unaccounted for in current state of data analyses. As a result, these largely account for artifacts that can potentially present in raw fluorescence data, thus compromising accurate quantification [21, 71] . Quantitation using ratios accounting for such parameters that exist in 2D fluorescence imaging data are beginning to be developed [21] . Moreover, accurate quantification may only be possible when measurements are properly controlled and signals are normalized. Other methods for obtaining more accurate quantitation of the detected fluorescence include the use of blue-shifted excitation filters to subtract out tissue autofluorescence [63] and the application of an array of fluorescent filters accompanying spectral unmixing algorithms [72] . Ultimately, the capacity for actual collection and reconstruction of tomographic data will need to become mainstream, in order to pave the way for possible clinical transition.
2b. Nuclear Medicine Imaging

Reporter Gene Strategies for Transplanted Cells
Gene reporter systems that are currently in use in nuclear medicine cellular imaging can be classified into three groups: (a) genes encoding for cell surface receptors that specifically bind the probe (such as dopamine D 2 receptor), (b) genes encoding for membrane associated transporters that transport the probe across the cell membrane (such as sodium iodide symporter-NIS) and (c) genes encoding for enzymes that biochemically modify the probe (such as thymidine kinase -tk). Regardless of the mechanism, the specific interaction between reporter gene product and the administered probe generates a signal that can be detected by imaging modalities such as MRI, PET, SPECT or optical imaging.
Reporter gene approaches have many advantages over direct and indirect cell labeling methods. Stable transfection of cells ensure for long term expression of the reporter gene that does not dilute out in proliferating cells. Furthermore, over time accumulated divided cells can generate increased signal that can be detected with repeated imaging. In addition, the signals detected prove the in vivo presence of viable cells. Reporter gene approaches have great potential in gaining insights in particular mechanisms of stem cell based therapies. For example, by employing tissue specific promoters in driving the transcription of reporter gene, one can monitor the state of cell differentiation. However, as reporter gene imaging approaches continue to develop, the concerns with regard to immunogenicity and long term cell specific expression still need to be overcome.
One of the most widely used reporter genes for PET imaging is wild-type herpes simplex virus type 1 thymidine kinase (HSV1-tk) and it's HSV1-sr39tk mutant. This enzyme efficiently phosphorylates purine and pyrimidine analogs and has been very successfully used with radio labeled reporter probes such 18 F-9-(4-18 F-fluoro-3-hydroxymethyl-butyl)guanine (FHBG) [73] [74] [75] [76] . One of the advantages of enzymatic reporter gene systems, such as -tk enzyme, is the signal amplification that occurs as a result of imaging probe trapping and accumulation. This signal amplification is generally not generated by receptor and transporter based reporters. However, the major limitation for successful translation of HSV-tk reporter gene into clinical setting is the immune reaction that the viral protein elicits in humans [77] . Although several studies described the use of human derived reporter genes for somatostatin receptor [78, 79] , norepinephrine transporter [80] and sodium iodide symporter [81, 82] in various applications, these findings did not eliminate the need for human derived HSV-tk equivalent. In an elegant recent study, Ponomarev et al. reported the use of human mitochondrial thymidine kinase type 2 (hTK2) as PET reporter gene [83] . By eliminating nuclear localization signal, the retrovirusmediated expression of this kinase was targeted to cytosol where it efficiently phosphorylated [ 18 F] FEAU and [ 124 I] FIAU. In addition, this gene carried the role of a suicide gene when used in combination with anticancer nucleoside analogs, such as d-arabinofuranosyl-cytosine. Besides the use in anticancer therapeutic strategies, introduction of suicide reporter genes into stem cells may serve as a potential safety mechanism against possible cellular oncogenic transformation; an attractive approach that warrants further investigations. In a very recent human trial Yaghoubi et al. [84] reported successful utilization of genetically modified CD8+ cytolytic T-cells carrying IL-13 zetakine and HSV1-tk genes in a case of glioblastoma multiforme. The authors detected the distribution of cytolytic T-cells in the tumor as well as other parts of the body by PET scanning using 18 F-FHBG (Fig. 1) .
Cellular imaging based on the use of reporter genes strongly depends on stable, persistent and long term expression of the desired protein. In particular, monitoring the long term fate and trafficking of stem cells can not be accomplished without securing the long term expression of the re-porter genes. This long term expression is usually achieved by utilizing viral expression systems and the most widely used are adeno-and lenti-virus vectors. Although adenovirus constructs ensure the strong expression of reporter genes, they may lead to the leaky expression of immunogenic adenoviral proteins that could lead to host immune response [85] . In addition, long term expression that would carry on to the daughter cells in proliferating population is hindered due to the episomal gene expression (the reporter gene is not integrated into the cell chromatin). On the other hand, lentivirus based vectors exhibited many advantages over the adenovirus system. Lentiviral vectors stably integrate into the host cell chromatin that enable long term expression in dividing and non dividing cells [86] , are not prone to gene silencing [87] and in small animals do not elicit immunogenic reaction [88] . Therefore, lentivirus-based vectors appeared more suitable for most of the molecular imaging applications and have been successfully used by many groups [74, [88] [89] [90] . The robust expression of reporter genes that are currently in use is usually achieved by utilizing strong viral promoters, such as human cytomegalovirus (CMV) promoter. However, the most common drawback of the CMV promoter, when establishing stably transfected mammalian cell lines, is gene silencing. This phenomenon was attributed to epigenetic mechanisms such as DNA methylation [91] and in vitro and in vivo studies by Krishnan et al. demonstrated that in embryonic rat cardiomyoblast, CMV silencing was completely reversed by treatment with 5-azacytidine [43] . To circumvent this problem, Love et al. utilized lenti-virus based triple fusion reporter (firefly-luciferase, monomeric red fluorescent protein and HSV1-sr39tk) whose expression was driven by a modified myeloproliferative sarcoma virus promoter (mnd) [92] . This strong promoter drove the continuous expression of the triple-fusion reporter in implanted human mesenchymal stem cells for more than 3 months. Recent efforts were focused on developing reporter gene constructs using mammalian promoters such as Elongation factor -1 (EF-1 ) and ubiquitine C. Further investigations will be needed to delineate the optimal promoters that would efficiently drive the expression of the reporter gene of choice, while avoiding epigenetic silencing.
Another attractive reporter gene commonly used with SPECT imaging is sodium iodide symporter (NIS). Since it's cloning in 1996 [93] human NIS gene has been widely used in imaging applications in conjunction with 99m Tcpertechnetate or 124 I and in anticancer therapy with 131 I and 188 Re. By active transport via transgenically encoded and expressed NIS channel, cells can take up radioactive probe and subsequently be monitored by gamma camera or SPECT scanners. Availability of human reporter gene has been a major advantage in exploiting NIS gene as an imaging and therapeutic tool. Various studies utilized viral vectors to stably express NIS in cells [94] [95] [96] [97] [98] . However, when tracking the NIS expressing cells in whole body imaging applications, the presence of endogenous NIS regions like thyroid, stomach and bladder, may result in background signals.
Reporter gene approach has also been used with MR imaging, where investigators used genes that facilitate iron uptake [99] [100] [101] . Genove et al. utilized adenoviral vector to express a metalloprotein from the ferritin family as the cell sequesters endogenous iron from the organism without the need for an exogenous contrast agent. Cells that endogenously generated superparamagnetic forms of iron oxide nanoparticles were detected by MRI in in vitro and in vivo settings. However, further studies are needed to translate this novel approach into the clinical application. Currently, many studies utilize the combination of two or more reporter genes that would enable the use of different imaging modalities to overcome the drawbacks associated with a single reporter gene and/or associated detection system. One of the combinatorial approaches in molecular imaging is the use of fusion reporter genes containing fluorescent and PET reporter genes that provide information with high resolution and in tomographic manner [102] . However, the insufficient sensitivity that these construct provided led to the novel constructs that included triple fusion genes composed of bioluminescent, fluorescent and PET reporter genes. Ray et al. evaluated the activity, in vitro and in vivo, of variants triple fusion reporter constructs that encoded for luciferase, red fluorescent protein and HSV-tk. By using thermostable firefly luciferase lacking the peroxisome localization sequence they increased the enzyme activity and bioluminescence and thus the sensitivity for the optical aspect of imaging [65] . This improved triple fusion vector enabled higher sensitivity detection of less number of cells. The multimodality approach in using fusion reporter genes in molecular imaging is continuously evolving and various construct has been currently used by many groups [74, 103] . Hwang et al. constructed a dual membrane protein reporter system consisting of hNIS and D 2 R (linked with an internal ribosomal entry site (IRES)) in an attempt to overcome the shortcomings of each reporter gene and to enable the simultaneous use of designated receptors for therapeutic and imaging purposes [104] . This system resulted in expression attenuation of the gene downstream of IRES as well as in competitive effect of two over-expressed membrane associated receptors, demonstrating the difficulties associated with optimizing all the components of the efficient multi-reporter gene system.
Further studies are needed to generate the efficient multireporter gene that would enable the use of multimodal molecular imagining for trafficking of less number of cells with greater sensitivity and higher spatial resolution. These studies will need to focus on designing constructs that would eliminate localization sequences of reporter genes to increase cytoplasmic localization and therefore possible increase in the activity of intracellular proteins; designing construct that would enable optimal expression of all the encoded genes and once expressed, reporter genes would not interfere with each other or with cellular function.
2c. Multimodal Imaging
Investigators have been working to develop new types of contrast agents that can be detected by two different imaging modalities, which could be complementary to each other. Other advantages of bimodal imaging agents would be to determine the status of administered cells. For example, MRI can monitor contrast agent labeled cells, however this approach does not provide information on the functional status of the administered cells. If a bimodal contrast agent was used to transfect genes into the cells, the expression of the gene product can be detected by another complementary imaging modalities such as optical imager or nuclear medicine techniques indicative of the functional status of the cells. Bimodal contrast agents can also be applied in PET and bioluminescence imaging [89] . Giesel et al. [105] were able to label mesenchymal stem cells (MSC) using a bifunctional gadoflurine M-Cy3.5 for both MRI and optical imaging. Gadofluorine M-Cy3.5 is designed with a hydrophilic tail that allows the agent to be inserted in the cell wall and then internalized into cytosol. Intracerebral implantation of 10 6 gadoflurine M-Cy3.5 labeled MSC allowed for clear visualization of cells in the rat brain on T1 weighted imaging at clinical relevant 1.5 Tesla that could be confirmed by fluorescent microscopy. Brekke et al. [106] used bimodal gadolinium rhodamine dextran (GRID) agent to label neural stem cells (NSC) to determine the labeling efficiency and the toxicity of the agent and observed significant loss of viability and proliferative capacity of the cells. Like gadofluorine MCy3.5, GRID labeled cells can be tracked by MRI (in vivo) and fluorescent microscopy (ex vivo samples). However, these agents may not indicate real functional status of the administered cells.
A better approach would be to make transgenic cells that carry reporter genes for different imaging modalities or transgenic cells can be labeled with MRI contrast agents before administration. Love et al. [92] have reported long term follow up of administered transgenic MSC that carried reporter genes for PET and bioluminescence imaging. For the most of the bioluminescence imaging, administration of exogenous substrate is necessary which may not be permitted for future clinical use. Recently we have used magnetically labeled transgenic endothelial progenitor cells (EPC) to determine the migration, incorporation and expression of gene product in a mouse model of breast cancer. MRI determined cell migration and incorporation into the tumor and the functional status of the incorporated cells (gene expression) was determined by SPECT imaging (Fig. 2) . We used FDA approved agents, ferumoxides and protamine sulfate, to magnetically label cells and human sodium iodide symporter (hNIS) gene to determine the functional status of the incorporated cells. Fig. (2) . Tracking of magnetically labeled transgenic EPCs by MRI and SPECT studies. (A) T2WI obtained by a clinical 3T MRI system with TE of 24 ms, 1 mm thick, 256x256 matrices and 3.6 cm FOV. White arrows indicate accumulated iron labeled cells (low signal intensity areas) that carry and express hNIS genes at the site of incorporation, which was detected by Tc-99m SPECT study (B). Presence of iron labeled cells is confirmed by DAB enhanced Prussian blue staining (C, D) and presence of hNIS is confirmed by immunohistochemistry using anti hNIS antibody and FITC tagged secondary antibodies (arrows) (E). Magnetically labeled transgenic EPCs acted as both MRI probes and gene carrier systems.
2d. Magnetic Resonance Imaging
2d.1. Superparamagnetic Agents
Superparamagnetic iron oxide nanoparticles (SPION) are family of MRI contrast agents that are presently being used to efficiently label cells for cellular imaging. There are various methods used to prepare SPION, resulting in a wide range of physicochemical differences including core size (e.g., ultrasmall (U)SPIO), shape, mono or oligocrystalline composition and outer coating that may alter the ability to use these agents to label cells. There are FDA approved and FDA non-approved SPIONs available in the market. One of the advantages of using SPIONs to label cells is that they are biodegradable and can be utilized by the cells in iron metabolism pathways [107, 108] . However, these SPIONs need to be modified for efficient labeling of cells. Our group has developed a technique to make ferumoxides (FDA approved agent) transfection agents complexes to facilitate cellular uptake by endocytosis [109] [110] [111] [112] [113] . Very recently, instead of commonly used cellular transfection agents, such as lipofectamine, we introduced the use of protamine sulfate (FDA approved agent) to generate ferumoxides-protamine sulfate (FePro) complexes for efficient labeling of different mammalian cells, including stem cells and T-lymphocytes [16] . These labeled cells have been used in different animal models and tracked by both, high strength and clinical strength MRI systems [114] [115] [116] . One of the advantages of labeling cells using FDA approved agents is the possibility of clinical trial without facing major toxicity issues related to contrast and transfection agents. Due to the susceptible effect SPION, labeled cells can easily be detected by MRI, compared to the cells labeled with gadolinium or T1-based MRI contrast agents.
Besides transfection agents mediated labeling of cells with SPION through facilitated endocytosis, various other modifications and methods were employed to label cells to be used as cellular probes for MRI. Investigators have modified the surface charge of the nanoparticles by coating it with cationic materials or modified the surface of the coating by attaching membrane penetrable peptides. The types of coatings include dextran and modified cross-linked dextran, dendrimers, starches, citrate and viral particles, and are usually attached through electrostatic interactions with the surface of the iron oxide crystal core contributing to the hydrodynamic size and zeta potential of the SPION [117] . The zeta potential or the average potential difference, expressed in millivolts, exists between the surface of the (U)SPION immersed in distilled water and the bulk of the liquid. The SPIONs have been characterized as either carrying positive or negative zeta potential that determines the contrast agent's ability to interact with cell/plasma membrane. Dextrancoated SPIO nanoparticles such as ferumoxides, ferucarbotran or ferumoxtran-10 are clinically approved MR contrast agents for use as hepatic imaging agents or have been used in clinical trials as blood pool agent or for lymphangiography [118] [119] [120] [121] [122] and are also being used to label cells. There are also experimental (U)SPIONs that have been used for labeling cells. The cationic coated USPIONs, carboxypropyl trimethyl ammonium (WSIO) and citrate (VSOP C184) were designed so that they would attach to the negative surface charge of plasma membranes through electrostatic interactions and then get incorporated into endosomes of macrophages [123] .
Modified SPIONs for Labeling Cells to Use as Probes for Cellular MRI
Physico-chemical modifications have been tried by different groups to facilitate cellular uptake of SPIONs, especially by non-phagocytic cells. Bulte et al. have used generation 4.5 polyamindoamine (PAMAM) dendrimer as a coating of SPIONs that resulted in the synthesis of magnetodendrimers (MD-100) [124] , which were used to label oligodendroglial progenitors derived neural stem cells (NSC). The labeled cells were transplanted into the ventricles of neonatal dysmyelinated Long Evans Shaker rats and the migration of labeled cells into the brain parenchyma could be observed by CMRI up to 42 days following implantation. Josephson et al. [125] modified dextran coating of USPIONs by cross-linking the dextran strands (CLIO) and then covalently attaching HIV-1 Tat proteins to the surface that has allowed for efficient and effective labeling of non-phagocytic cells presumably through macropinocytosis. Using MR imaging, homing of CLIO-Tat labeled lymphocytes could be visualized in the liver and spleen in normal mice [126] . CLIO-Tat labeled T-cells have been used in adoptive transfer in autoimmune diabetes mouse model and labeled cells have been shown to selectively home to specific antigens in B16 melanoma in mouse model by in vivo MRI [127] [128] [129] . The monoclonal antibody (OX-26) to the rat transferrin receptor was covalently attached to USPIO nanoparticles (MION-46L) and used to label rat progenitor oligodendrocytes (CG-4). Labeled rat CG-4 cells were directly implanted into spinal cords of myelin deficient rats and ex vivo MR images obtained on day 10-14 days after implantation, demonstrated excellent correlation between the hypointense regions and blooming artifacts caused by the presence of labeled cells and the degree of myelination in the spinal cord detected on immuno-histochemistry [130] Ahrens et al. also labeled dendritic cells by biotinylating anti-CD-11 MoAb in conjunction with strepavidin attached to dextran coated SPIONs. Instead of using peptide, dendrimers or antibodies, investigators have used hemagglutinatin virus of Japan (HVJ) envelope to encapsulate SPIONs to label microglial cells in culture . The HVJ SPIO labeled cells were intra-cardiac injected and clusters of cells could be seen within 1 day following transplantation in the brains of mice.
Micron sized iron oxide commercially available particles or beads (MPIO) are also being used to label cells for cellular MRI studies in experimental models. These agents are from 0.3 to >5 microns in size and contain greater than 60% of magnetite in a polymer coating that can include a fluorescent marker that allows for dual detection of labeled cells by MRI and fluorescent microscopy. MPIOs have been used to track macrophage infiltration in transplantation rejection, to monitor single cell migration in tissues and to locate implanted stem cells in an area of myocardial infarction [134] [135] [136] [137] [138] . Recently, Shapiro et al. [134] demonstrated uptake of very large MPIO of 5.8 microns in size in cultured hepatocytes and have been able to visualize single cells at 7 Tesla on T2* weighted images. Heyn et al. [139] have shown that following IC injection of enhanced green fluorescent protein (EGFP) transfected 231BR breast cancer cells labeled with MPIO in mice, the number of hypointense regions detected on a balance steady state gradient echo image (e.g., FIESTA) decreased with time.
Mechanical Methods for LABELING CELLS to Use as Probes for Cellular MRI
Mechanical approaches such as the gene gun or electroporation have been used to effectively introduce MRI contrast agents into cells. The gene gun fires nanoparticles or magnetic beads directly into cells in culture, driving the particles through the cell membrane or directly into the nucleus. However, it is unknown what the long-term effects are on functional, metabolic and differential capabilities of the cell [140] . Moreover this technique for labeling cells has its own limitations with respect to the efficiency, potential tissue damages created by the impact of the particles and small area of coverage [141] . Since less traumatic methods to label cells with MR SPIONs are available, it is unlikely that the gene gun approach will be used in the future.
Magnetofection is a technique that utilizes strong magnetic force to introduce SPION or desired genome attached with magnetic nanoparticles within the cells [142] [143] [144] [145] [146] [147] . This technique delivers nanoparticles directly to the cytoplasm and it is effective for DNA transfection. However, direct delivery to the cell cytoplasm may be a deterrent for magnetic cell labeling because of possible cytotoxicity following the release of iron into the cytoplasm or nucleus. This technique is useful for rapid labeling only in adherent cells. It's applicability in labeling suspension cells or cell with small cytoplasm to nuclear ratio (such as T-cells and hematopoietic stem cells) has not been verified. Moreover, details on toxicity and nuclear uptake have not been described yet.
Transfection Agents for Labeling Cells to Use as Probes for Cellular MRI
In 2002, we combined commercially available SPION (e.g., ferumoxtran and ferumoxides) with commonly available polycationic transfection agents to effectively label cells. Different commercially available transfection agents have been tried with varying results [109] [110] [111] [112] [148] [149] [150] [151] . However, most of the commercially available transfection agents are toxic to the cells at relatively low doses and importantly, these transfection agents are not FDA approved and can not be used clinically. By mixing two FDA approved agents, ferumoxides (Feridex IV, Berlex, NJ) and protamine sulfate together a complex is generated that efficiently and effectively labels stem cells [16, 111, 112, [152] [153] [154] . Ferumoxides are dextran-coated colloidal iron oxide nanoparticles that magnetically saturate at low fields and have an extremely high NMR T2 relativity. Changes in R 2 (R 2 =1/T 2 ) are linear with respect to iron concentration. Protamine sulfate is an FDA-approved drug containing >60% arginine and is used for the treatment of heparin anticoagulation overdose. Cells are labeled with the ferumoxidesprotamine sulfate (FePro) complex via macropinocytosis and can be imaged at clinically relevant MRI fields using standard imaging techniques. The concentration of iron in cells is dependent on nuclear-cytoplasm ratio, the iron concentration in the nano or micron sized particles, iron content in media, incubation times and method of endocytosis of the particles [16, 110, 111, 134] (Fig. 3) . Unlabeled stem cells usually contain less that 0.1 picograms of iron per cell whereas the labeled cells grown in suspension (i.e., hematopoietic stem cells, T-cells) contain 1-5 picograms iron per cells. Cells that adhere to culture dish (i.e., mesenchymal stem cells, human cervical cancer cells, macrophages) can take up from 5 to >20 picograms iron per cell [16, 111, 112] .
2d.2. Paramagnetic Agents
Both gadolinium and manganese based nanoparticles are being utilized to labeled cells for in vivo tracking by MRI. Both mechanical as well as simple incubation methods are used to facilitate the uptake of the particles by cells.
Direct injection of high concentrations of gadolinium chelates into Xenopus laevis egg enabled tracking of the labeled cell proliferation and migration during development, using MRI and optical imaging [155] . However, this approach is not practical or efficient method for labeling mammalian cells with MR contrast agents. Electroporation has been used to label cells with gadolinium chelates and SPIO nanoparticles [156, 157] . There is relatively little experience using this approach with MRI contrast agents to label cells and it is unclear as to the long-term effects on cell viability when using this method. Electroporation is commonly used to introduce DNA into the cell genome and well known to be associated with cell stress due to chemical imbalances and efflux or influx of chemicals from within the cell and surrounding media, altering the cells viability and survival. The type, size and number of cells, media conditions, the magnitude and duration of the electric pulse, the handling of cells post electroporation may all be the factors that influence cell viability and survival following introduction of the MR contrast agent into cells with this method. It has been shown that significant amount of cell lysis and death occurred during electroporation and following labeling with contrast agents [158] . Recently, it has been reported that the magnetic labeling of embryonic stem cells by electroporation resulted in significant decrease in the percentage of viable cells compared to labeling cells with transfection agents complexed to ferumoxides [150] . In addition, by labeling ESC by electroporation method, the ability of these to differentiate into cardiac progenitor cells was inhibited, therefore indicating that this method may not be clinically useful approach [150] .
Electroporation method has also been used to label rat glioma cells using manganese oxide (MnO) nanoparticles. Gilad et al. have shown effective labeling and tracking of labeled cells in rat brain after implantation, using a 9.4 Tesla animal imaging system [159] . However, the MnO labeled cells were not clearly visualized after 3 days of implantation. Shapiro et al. also used MnCO 3 , and MnO 3 nanoparticles to label cells by simple incubation, however, in vivo tracking has not been reported by this group yet [160] . Similarly Sotak et al. have reported effective labeling of murine hepatocytes using Mn-III-transferrin but in vivo tracking has not been tried yet [161] . Investigators are actively working on making engineered nanoparticles containing different metals that can elicit both, T1 and T2 effects [162] .
IRON METABOLISM IN SPION LABELED CELLS AND LIMITATIONS OF SPION LABELING
Labeling cells with ferumoxides does not alter the viability and functional capability of cells or the differential capacity of stem cells [16, 163] . Ferumoxides-protamine sulfate labeled embryonic, mesenchymal, hematopoietic and neural stem cells showed similar rates of differentiation to different lineages, compared to control unlabeled cells [16, 150, [163] [164] [165] .
In addition, studies have shown no significant changes in reactive oxygen species production in SPION labeled cells [110, 166, 167] . In general, when concentrations of SPIONs exceed more than 100 μg/ml, some toxicity may be observed depending on the type of cells used for labeling [112] . No significant reduction in viability of mesenchymal stromal cells (MSCs) was observed after incubation with SPION at the concentrations of up to 250 μg Fe/ml [168] . SPION labeled MSCs maintained their multipotent capability in vitro. In the presence of specific factors labeled MSCs differentiated along adipogenic, chondrogenic, and osteogenic lineages [163, 166, 169] . In vivo their ability to differentiate to bone and hematopoietic supporting stroma was also preserved, when transplanted in to the flanks of nude mice along with a carrier such as hydroxyapaptitie (Edyta Pawelczyk, personal communication). Recently, Farrell et al. also demonstrated chondrogenic differentiation of SPION labeled MSCs in a mouse model [169] . However, the authors also observed morphological differences in the appearance of implanted scaffolds between labeled and unlabeled cells following chondrogenic differentiation. The cause of the alterations is not known, however the contributing role of the scaffold itself could not be excluded. Number of reports showed that other types of stem and progenitor cells including hematopoietic, neural stem cells or neural progenitors also maintained their differentiation capacity after labeling with SPIONs [124, 132, 163] .
Following internalization, iron oxide particles remain for an extended period of time in the endosomes of slowly dividing cells or may circulate back to the extracellular space in rapidly dividing cells [16, 110] . In some cases, intracellular SPIONs are transferred from early to late endosomes, followed by fusion with lysosomes [170] [171] [172] . Arbab et al. showed that a lysosomal pH of 4.5 could dissolve iron oxide particles over 3-5 days [173] . This observation suggested that free iron could be released from iron oxide core of SPIONs into the cytoplasm and made available to participate in the cellular metabolic pathways [173] . Since the maintenance of proper levels of "labile iron" is of crucial importance to living cells, we performed a study to determine whether SPION labeling affected cellular iron homeostasis. The authors have shown that ferumoxides (dextran coated SPIONs with the particle size 80 -150 nm) -protamine sulfate labeled cells can detect and safely handle the intracellular iron load that can be 10 -100 higher compared to unlabeled cells. In response to iron oxide particles loading into the endosomes, cells increased gene and protein expression levels of ferritin, a major iron-storage protein and at the same time transiently decreased gene and protein expression of transferrin receptor 1(TfR-1) that is involved in iron transport across the cell membrane [166] . TfR-1 levels returned to control levels one week post-labeling with SPIONs, while for ferritin levels required two weeks in rapidly dividing cells and more than a month in slowly dividing cells.
Monocytes' and macrophages' intrinsic ability to phagocytose a large amount of SPIONs without the aid of transfection agents makes them interesting cells for studying using cellular MRI. Labeling macrophages by simple incubation with a contrast agent makes them good markers of inflammatory status in human studies in vivo. Labeled macrophages can be visualized in inflammatory lesions of stroke, brain tumors or artherosclerosis [174] [175] [176] . As an antigen presenting cells and professional phagocytes, macrophages are also involved in the removal of cellular debris in the areas of inflammation followed by induction of appropriate immune responses. Siglienti et al. reported recently that SPION (Resovist , carboxydextran coated SPION, 62 nm mean particle size) internalization by macrophages (on average 4.33+ 0.61 pg iron/cell) modulates in vitro, their cytokine profile towards an anti-inflammatory or more immunosuppressive phenotype by increasing interleukin (IL)-10 and reducing tumor necrosis factor (TNF)-production [177] . The authors have shown that during SPION-labeled macrophage interaction with T cells, IL-12p40 was inhibited. The results obtained by Sigilienti et al. [176] with regard to proinflammatory cytokine production are most probably due to the use of rodent peritoneal macrophages. Stein et al. [178] have shown that the capacity of rodent peritoneal macrophage population to release high levels of TNFstrongly depends on the process of recruitment of peritoneal macrophages as well as on the subsequent stimuli. Peritoneal rat and mouse macrophages isolated upon thioglycollate stimulation can release high levels of TNF-in response to LPS. On the other hand, resident peritoneal macrophages isolated from non stimulated animals similar to other report [176] release only small amounts of TNF-. At present, it is not known whether local cytokine concentrations in inflammatory lesions in vivo would be affected by the infiltration of iron oxide labeled macrophages. However, Muller et al. examined in detail the safety and lack of proinflammatory activity in human macrophages labeled with a smaller iron oxide particles, Ferumoxtran-10, a dextran-coated USPIONs with a particle size 20 to 40 nm [179] . This study showed that short term (48 hour) or long term (2 weeks) incubation with Ferumoxtran-10 at doses up to a 1mg/ml had no effect on baseline or stimulated production of pro-inflammatory cytokines such as IL-12, IL-6, TNF-, IL-1 , superoxide anion production nor interfered with Fc-receptor mediated phagocytosis. Furthermore, extremely high intracellular concentrations of Ferumoxtran-10 of 10 mg/ml resulted in only 20-30% reduction in viability across various incubation times. In the other study, however, ferumoxides induced significant apoptosis in human monocytes after 4 hours at concentrations of 0.5 mg/ml and above [180] . In a very recent publication we have shown no immunomodulatory effects of SPION on the cytokine production by macrophage like THP-1 cells [181] .
One of the key questions that still remain in cellular MRI is the fate of the SPION during cellular degradation. Up to 80% of cells may die during direct implantation of stem cells into tissue due to trauma, ischemia or apoptosis [182] [183] [184] [185] [186] . Subsequently, these stem cells or released SPIONs could be taken up by host macrophages and thus confounding the interpretations of MRI and histological results. Recently, the relationship between the signal detected on MRI and the survival and engraftment of SPION-labeled mesenchymal stromal cells in acute myocardial infarction model in rats has been investigated [185, 186] . These studies were able to detect enhanced MRI signal 3 to 4 weeks posttransplantation, however they were not able to detect on histology sections many originally transplanted iron oxide labeled cells, but instead they detected resident macrophages with phagocytosed SPIONs [185, 186] . These studies illustrate some limitations in the using cellular MRI to monitor stem cell transplantation in cardiac cell therapy. Further research is required to address cell viability, labeling strategies and more advanced MRI techniques for the cardiac cell therapy field.
There are also reports that demonstrated that SPIONs and other exogenous or endogenous labels can be, in vivo, trans ferred from the labeled cells to tissue macrophages following direct transplantation of labeled stem cells. Lepore et al. showed that following implantation of ferumoxides labeled lineage-restricted neural precursors into an intact spinal cord, some of tissue macrophages contained iron taken up from grafted cells [187] . In a different model, Brekke et al. demonstrated the in vivo transfer of gadolinium rhodamine dextran label from neural stem cells to macrophages in gliomas in rat brain [188] . Despite all the reports acknowledging the possibility of misinterpreting the results from studies with labeled transplanted cells, none have quantified the number of macrophages taking up the exogenous label in the region of interest. Pawelczyk et al. have developed an in vitro model of localized inflammation using a Boyden Chamber (BC) where they quantified the number of SPION or bromodeoxyuridine (BrdU) labeled cells being engulfed by activated macrophages [189] . Ferumoxide-Protamine sulfate or BrdU labeled MSCs were loaded into the matrigel with various ratios of activated macrophages in upper wells of the BC, while the lower wells contained the chemokines that allowed for selective migration of macrophages. After 24 and 96 hours of incubation, macrophages in the lower and upper wells were harvested and analyzed by flow cytometry with anti-CD68 and anti-dextran antibodies. The flow cytometric analysis of activated macrophages from lower or upper wells revealed from 10 to 20% dextran or up to 10 % BrdU positive macrophages after 96 hours of incubation. Transfer of iron to activated macrophages was less than 10% of the total iron load in labeled cells, indicating that the hypointense regions observed on in vivo cellular MRI in the area of magnetically labeled cells would be considered minimal. This study provides the first report quantifying the amount of label that can be transferred from tagged cells to macrophages and underscores the importance to validate the presence transplanted labeled cells with staining for bystander cell markers on histological examination [188] .
QUANTITATION OF ADMINISTERED CELLS BY NEW MRI TECHNIQUE AND ANALYSIS
Because of the potent contrast effects and inherent lack of cell toxicity, most of the magnetic resonance labels currently used in cell tracking are SPIONs of various sizes. Detection of iron labeled cells has been accomplished through T1, T2 and T2* weighted imaging [124, 130, [190] [191] [192] . The NMR relaxation characteristics differ substantially when compartmentalized within cells compared with when they are within regions of freely diffusible water [193] . As a result, T2* weighted gradient echo acquisitions provide the greatest sensitivity to the presence of intracellular SPION [193] . The susceptibility effect on the SPION label extends well outside the volume occupied by the cell, and this extension augments its delectability. T2* weighted measures, however, are sensitive to background field inhomogeneities induced by imperfect shimming, blood, and endogenous ferritin deposits and thus have poorer specificity for iron particles. Conversely, T2 and T1 weighted spin echo acquisitions can be 2 3 orders of magnitude less sensitive to iron labeled cells, respectively, than T2* measurements [193] . Balanced steady state free precession (b-SSFP) sequence (also known as FIESTA or True-FISP) imaging method has been shown to provide similar sensitivity as gradient echo imaging and a spin echo like insensitivity to background magnetic field inhomogeneities [194, 195] . T2 or T2* based imaging methods depict iron labeled cells as pronounced local signal voids or hypointense regions. Differentiation between the signal loss caused by the intracellular nanoparticles and native low signals, for example those from artifacts or metals such as calcium, is challenging. Furthermore, the detection of labeled cells is limited by partial volume effects, in which signal void detection is dependent on the resolution of the image. If the signal void or hypointense voxels created by the agent is too small, it could be at the detection limits of MRI. To overcome these limitations, various positive contrast methods have been developed. Contrast enhancement by selecting the off resonance tissues caused by iron labeled cells was reported by Cunningham [196] . Stuber et al. used inversion recovery onresonance water suppression (IRON) to pre-saturate onresonant water generating voxels with hyperintensities from off-resonance regions near SPIO labeled cells [197] . Zurikya and Hu used a diffusion-mediated off-resonance saturation method to obtain images with positive contrast [198] . Alternatively, Seppenwoolde et al. achieved positive contrast by dephasing the background signal with a slice gradient, while in the region near the paramagnetic marker the signal was conserved because the induced dipole field compensated for the dephasing gradient [199] . A similar approach has been used for imaging of iron labeled cells and is known as gradient echo acquisition for superparamagnetic particles (GRASP) [200] . Positive contrast images can also be derived from the magnetic field map by applying different postprocessing techniques [201, 202] . Bakker et al. exploited the echo-shift by applying a shifted reconstruction window in kspace [203] . A susceptibility gradient mapping (SGM) technique has been developed that calculates the positive contrast images from a regular complex gradient echo dataset [204] . The SGM method generates a parameter map of the 3D susceptibility gradient vector for every voxel by computing the echo-shifts in all three dimensions. A comparison of positive contrast images is shown in Fig. (4) . A common drawback of the positive contrast method is that, whereas signals can be quantified very efficiently, other important features of MRI, such as the detection of anatomical details, can be represented very poorly.
The detection threshold for SPION labeled cells is affected by a number of factors, including field strength, SNR, pulse sequence, acquisition parameters etc. Heyn et al. estimated that femptomolar quantities of SPIONs could be detected under typical micro-imaging conditions with b-SSFP sequence [194] . Verdijk et al. concluded that 1000 cells/mm 3 could be detected in patients treated with SPION labeled therapeutic cells [205] while Dahnke and Schaeffter predicted the detection limit of 120 cells/mm in the brain and 385 cells/mm 3 in the liver on a 3T whole body MR scanner [206] . Recent studies have demonstrated the feasibility to detect a small number of cells or even single cells. Hoehn et al. demonstrated in vivo detection of 500 cells implanted in the rat brain at 7T [207] . Single SPIO labeled cells were observed in in vitro studies at high field strength [208] , and later at 1.5T [209] .
To date, the majority of the cellular MR imaging studies performed a qualitative assessment of the hypo-or hyperintensities observed in tissues containing SPIO labeled cells. Quantitative measurement of cellular migration may allow monitoring the effectiveness of stem cell delivery and therefore the optimization of the therapy. Because R2 relaxation rate is sensitive to both iron concentration and distribution of the nanoparticles [193, 210] , it is not suitable for the use in quantitation of iron oxide concentration by itself. A simple linear relationship, however, exists between the iron concentration and R2* change in vitro, for cell in suspensions, where the magnetic material is distributed in clusters [193] . Using a multiple readout gradient echo pulse sequence, T2* relaxation times can be determined for the labeled cells in tissues, therefore coming one step closer toward quantitation of SPION distributions. Bos et al. demonstrated that R2* increase in the liver was of the right order corresponding to the number of MSCs injected in the portal vein in a rat model [211] . Using a standard calibration curve, quantitative prediction of the number of labeled cells in a given region was therefore obtained within the brain of transplanted EAE mice [212] .
However, R2* based quantification of the number of cells in vivo remains complicated, especially in longitudinal studies. First, the T2* relaxation rate is not only influenced by SPION in labeled cells, but also by macroscopic susceptibilities that arise from air-tissue interface. These susceptibility artifacts lead to overestimated relaxation rates or obscure low concentrations of numbers of labeled cells. Several methods have been proposed to correct for the macroscopic magnetic susceptibility influence such as increasing the spatial resolution [213] , altering the slice selection gradient [214] , or utilizing main field inhomogeneities correction to compensate for magnetic field susceptibilities from tissues that do not contain magnetically labeled cells [206] . Second, quantitation of iron labeled cells in vivo can be complicated by the existence of free iron. It is difficult to completely separate extracellular iron in the microenvironment from the labeled cells. Free iron could also be found at injected sites where hemorrhage and labeled dead cells are often present [210] . Because intracellular SPIOs have much longer T2 than nanoparticles freely suspended in the extracellular space, measuring both T2 and T2* relaxation times could reduce the interference from this iron pool and lead to a more accurate quantification of the number of intracellular SPION [215] . Finally, it should be noted that MRI quantitation of cells labeled with SPION is an indirect technique. As such, signal change is due to the amount of SPION and not the number of cells. As cells proliferate and the iron is divided between daughter cells, the total iron content and the signal from each cell decreases. Furthermore, the iron from cells undergoing apoptosis or cell lysis can be internalized by resident tissue macrophages, resulting in signal falsely attributable to cells [186, 189] .
CELLS AS BOTH, CELLULAR AND THERAPEU-TIC PROBES
In a clinical scenario, cell based therapy will be directed to two different approaches; 1) repair of damaged tissues using either genetically engineered cell or unmodified cells, 2) antitumor approaches using transgenic cells that carry suicidal gene and/or genes that can release cytotoxic cytokines upon activation or activated cells (such as Cytotoxic Tcells) directed against tumors. However, in both approaches investigators need to know the migration and accumulation status of the administered cells along with the functional improvement of the target organs/tissues. Moreover, due to the small number of administered cells compared to the total cells needed for the repair of the tissues, cells need to be modified so that endogenous cells can migrate to the site of interest. Recently reported clinical trials using stem cells in myocardial infarction were unable to track the administered cells and functional improvement was assessed by clinical signs and symptoms [1, 4] .
Due to its unique property to migrate to the pathological lesions, stem cells are considered a unique choice to be the delivery vehicle for therapeutic genes to the tumors, especially for glioma [216] [217] [218] . Rat neural stem cells (NSCs) expressing the cytosine deaminase gene, injected at a site distant from the primary tumor exhibit extensive migration and stable expression of the gene, indicating persistent ability to destroy tumor cells locally as well as distantly from the main tumor mass or metastatic foci [12] . Mouse neural progenitor cells transfected with retroviral IL-4 injected into the brains of mice with glioblastoma exhibited migration, engraftment and destruction of tumor coincident with improved mouse survival rate. Glioma-bearing mice treated with murine NSCs producing IL-12 resulted in prolonged survival compared with controls, and transplanted cells demonstrated strong tropism for disseminated glioma. These effects were also associated with enhanced T-cell infiltration in tumor microsatellites, as well as long-term tumor immunity [219] . Mesenchymal stem cells, a pluripotent bone marrow stromal cells, were also used to carry genes to glioma and considered as an effective delivery vehicles [216, [220] [221] [222] . Schichor et al. have pointed out that cells should have the following criteria to be used as gene delivery vehicles for glioma; 1) cells should be available from each glioma patient to create an autologous system without immune response; 2) within human brain parenchyma, cells should exhibit active motility directed toward glioma tissues [220] . Ferrari et al. have shown the migration and incorporation of HSV-tk transfected mouse EPCs in subcutaneous tumor in a mouse model; however, the investigators did not show the incorporation of the transfected cells by in vivo imaging [223] . It is utmost necessary to device a way to track the migration and homing of these transgenic cells to their site of interaction. We have investigated the feasibility of using transgenic cells as therapeutic and diagnostic probes in breast cancer animal model using magnetically labeled transgenic (hNIS) endothelial progenitor cells. MRI was used to track the migration of cells to the site of tumor and Tc-99m SPECT was utilized to determine the genetic expression (functional capability to carry suicidal gene) of these cell to the sites of tumor (Fig.  2) .
Genetically modified T-cells or cytotoxic T-cells are being considered for the treatment of hematologic as well as non-hematologic solid malignant tumors [14, 15, 224, 225] . Tumor immunology has long been a focus of cell-based vaccine therapy research and as mentioned earlier, dendritic, as well as T cells, are considered the best candidates for developing such therapies. Dendritic cell-based vaccination therapy against recurrent glioma, that is in clinical trials [226, 227] , utilized patient's dendritic cells that were pulsed ex vivo with a glioma cell-lysate collected from the same patient, and it was shown that autologous administration of these tumor cell-lysate-pulsed dendritic cells initiated immunogenic activity against glioma cells, delaying tumor recurrence and/or decreasing the recurrence rate [226] [227] [228] [229] . Ani-mal studies also showed an increased number of cytotoxic T lymphocytes (CTL), compared to control or pre-vaccination levels, in experimental glioma that utilized cell-lysate-pulsed dendritic cell therapy, indicating in vivo sensitization of Tcells to glioma presumably due to the administered primed dendritic cells [230] [231] [232] . Studies describing the accumulation of dendritic cells and CTLs at the site of tumors indicated the initiation of tumor based immune reaction [233, 234] . In addition, in vivo effectiveness of CTLs that were sensitized in vitro by dendritic cells was demonstrated in rat glioma model, as reported by Mercahnt et al. [235] . Gliosarcoma 9L cell line was also shown to initiate an immunogenic reaction when transplanted peripherally or intracerebrally into syngeneic rat [236, 237] . Animal experiments performed by our group also demonstrated initiation of cellular immunity in syngeneic fisher rats [114] . It is also important to determine the migration and accumulation of these sensitized T-cells to the sites of tumor. Kircher et al. have shown the migration and accumulation of sensitized T-cells to the implanted tumor by cellular MRI [238] . Our group also reported the use of sensitized splenocytes (sensitized T-cells) to detect tumor (rat glioma) by cellular MRI [114] . We are currently utilizing in vitro technique to make cytotoxic Tcells against glioma and other tumors. These cells are labeled with ferumoxides according to our established labeling technique [16] and used as diagnostic probes to determine the tumor and its metastasis (Fig. 5) . These genetically modified or sensitized T-cells can be used as therapeutic and diagnostic probes. For therapeutic purpose approximately 10-20% of the cells should be magnetically labeled for detection by cellular MRI.
INVESTIGATIONS THAT ARE ESSENTIAL FOR FDA IND APPLICATION FOR CELLULAR PROBES
Translation to the Clinic
There have been four reports in the literature on using MRI to monitor the migration of magnetically labeled cells that are in early phase clinical trials. De Vries et al. has reported the use of magnetically labeled dendritic cells on a phase I clinical trial. The magnetically labeled dendritic cells were transformed from monocytes that were labeled with ferumoxides for two days and incubated in appropriately conditioned media [239] . The labeled dendritic cells were transplanted directly into lymph nodes of patients with melanoma and the migration of these cells was serially monitored by MRI through adjacent lymph nodes. This was the first clinical trial to demonstrate the clinical utility of labeling cells with ferumoxides for monitoring cellular vaccine therapy. These investigators were able to delineate if labeled cells were actually implanted into lymph nodes or surrounding subcutaneous fat. In addition, the authors indicated that serial MRI demonstrated that ferumoxides labeled dendritic cells were cleared from the subcutaneous fat by 30 days following injection (personal communication, L de Vries). The authors indicated that MRI could detect approximately 2000 ferumoxides labeled dendritic cells per voxel (i.e, imaging volume element), and therefore with improvements in MRI techniques the detection of fewer numbers of labeled cells within a region of interest should be possible.
Zhu et al. [240] reported a study in small group of patients who had suffered traumatic brain injury with open head trauma. Cells were extracted from these patients, placed in culture and labeled with ferumoxides. In this early phase trial, patients received intracerebral injections of ferumoxides labeled or unlabeled "neural stem cells" around the area of injured brain based on T2 weighted images. Approximately 50,000 cells were implanted at each site in the brain with up to 10 implantations done per patient (personal communication, J. Zhu). Serial MRIs over 21 days demonstrated the migration of ferumoxides labeled neural stem cells from injections sites into white and gray matter that was not observed in patients receiving unlabeled cells. The authors did not report any neurological complications as a result of implanting cells into patients with brain trauma. The authors recently presented that the hypointense areas were visible in the brains of patients with brain trauma for approximately 10 weeks on T2* weighted MRI following implantation of ferumoxides labeled neural stem cells (personal communication, J Zhu).
In 2008, Toso C et al. [241] reported four diabetic patients who received ferucarbotran labeled cadaveric islet via the catheter into the portal vein. These authors injected between 30,000 and 300,000 islets in the patients with approximately a 90% viability of the transplanted labeled cells. Only three of the four patients injected with ferucarbotran labeled islets were evaluated on MRI at 1.5 Tesla and the islets were detected as hypointense regions in the periphery of the liver for approximately 6 weeks following the infusion of cells. These results indicate that it may be possible to monitor magnetically labeled islet cell transplantations in diabetic patients and suggests that this approach may be useful in monitoring transplantation rejection.
The fourth study was published in 2007 [242] and it involved a cohort of spinal cord injury patients in South America that received CD34+ autologous hematopoietic stem cells labeled with SPION containing beads, normally used for magnetic cell sorting (i.e., Dyna beads). Approximately 700,000 labeled cells were injected via lumbar puncture into the cerebral spinal fluid of patients and MRI was performed in the area of spinal cord injury. Hypointense regions were observed around the area of spinal cord lesion on sagital T2*w imaging. However, the authors reported no clinical improvement in these patients.
It is important to note that all four studies were performed outside the United States and informed consent was obtained in each patient on intramural research board approved protocols. However, no government oversight (i.e., similar to Food and Drug Administration) was required and no investigative new drug submission was needed to carry out these studies.
The translation of novel MRI contrast agents from experimental studies to the clinical applications will require a significant amount of preparation and perseverance by the investigators in order to successfully evaluate the agent in phase I clinical trial. It is very important that investigators establish an early dialogue with the appropriate regulatory agencies, such as the food and drug administration (FDA), to discuss the preclinical experimental studies that would be needed for the investigative new drug (IND) submission. It is also recommended that investigators familiarize themselves with the guidelines that the FDA has published on the web site http://www.fda.gov/cber/guidelines.htm and http://www.fda.gov/cber/rules.htm for cellular therapies. For certain cellular therapies, preclinical studies may be required for completion of IND and should reflect the proposed clinical indications as closely as possible. Moreover, the investigator will need to provide the evidence to support therapeutic rational, evaluate number of cells to be used, number of animals needed for statistically valid results and appropriate monitoring of animals receiving transplanted cells for site specific toxicities.
Unfortunately, the FDA guidelines on how to evaluate magnetic labeling of cells with novel SPIONs for cellular MRI are not ready at this time. Magnetic labeling of cell products do not fall under the auspices of the FDA approved exploratory or Phase 0 trials even though pharmaceutical grade agents are being used for cell labeling. An IND will need to be prepared by the investigator in order to use the agent clinically and the agents used for labeling cells need to be manufactured either with clinical grade products or made with good laboratory practices (GLP) [243, 244] . The FDA will also require certification and possible reformulation of the novel contrast agents made in a GLP facility to complete the chemistry manufacturing and control (CMC) section of the IND. The CMC section would need to be provided by the investigator in order to use their agent to magnetically label cells in an early phase clinical trial.
Research groups planning on using a novel agents to label cells will need to demonstrate the following: 1) The novel MRI contrast agents are not toxic to the cells in culture or in experimental animals (i.e., mice and rats) with a large therapeutic window and lethal dose of 50% of the level for the product alone; 2) The novel agent does not alter cell proliferation and viability, differentiation capacity or result in an increase in reactive oxygen species or apoptosis of the labeled cells compared to controls; and 3) the composition of the agent is standardized and can be manufactured in a reproducible manner. In addition for labeling of stem cells, the investigators will need to demonstrate that the contrast agent does not alter characteristics and potency of the stem cells [245] . It is important to note that these concepts such as the ability to self replicate or form colony forming units when cells are placed in culture and to differentiate or support niches may be difficult to define for each stem cell to be labeled.
In order to use the novel agent in clinical trials the investigator will need to demonstrate the following: 1) production of the contrast agent to be used to label cells should be done using compounds that are approved for clinical use or an exemption will be required; 2) cell labeling with the novel MR contrast agent can be performed using good manufacturing practices (GMP) in an approved facility; 3) the GMP facility would have approved standard operating procedures for handling, process and evaluating stem cells or other cells and be able to perform labeling on large scale; 4) the GMP facility has appropriate quality assurance and standard operating procedure for linking stem cells to patient who will receive the transplantation; 5) labeling of cells does not result in a significant cells loss; 6) the phenotype of the cells are unaltered as result of the labeling; and 8) there are no toxins or infections agents present in resulting product that would be released to the subjects in a clinical trial.
Preclinical studies performed in experimental disease models will probably include the infusion of magnetically labeled and unlabeled cells along with sham controls and assessment of toxicity. Serum chemistries and complete blood count evaluations will probably be required. MRI studies on the experimental animals can be performed using either clinical scanners or higher field strength scanners that are routinely used for MRI in rodents. Unfortunately, qualitative assessment of cellular MRI alone to determine the presence or extent of migration of the fewest numbers of magnetically labeled cells is inadequate and will probably require quantitative image analysis approaches to reveal the presence of labeled cells that are sparsely mixed with host cells through-out the target tissue. In order to use quantitative MRI approaches (i.e., T1, T2, or T2* relaxation properties) to determine the presence of labeled cells in tissues, there will be need to improve the hardware stability and reproducibility in order to perform serial MRI studies and track magnetically labeled cells over time. MRI hardware instabilities and inhomogeneities may all contribute to inaccuracies in quantitative relaxation rate measurements of tissue over time. In order to qualitatively improve MRI sensitivity of magnetically labeled cells in tissues, smaller voxels will be required to limit partial volume effects and it may be necessary to use 7T MRI to increase signal to noise, and sensitivity to changes in magnetic susceptibility. Susceptibility weighted imaging approaches [246] may also be useful in localizing magnetically labeled cells within target tissue.
Pathological imaging correlation of the target tissue should be performed; however pathological examination of major organs will be required to determine if the presence of labeled cells resulted in inflammatory or pathological changes. Of note, prior to the study it will be important to demonstrate that the immuno-histochemical techniques that will be used to assess the presence of magnetically labeled cells are able to identify the cells from surrounding host tissue. Disease specific indications for specific magnetically labeled cells will need to be developed along with documentation submitted to FDA with an institution review board approved clinical protocols. The tracking of magnetically labeled cells will involve a multidisciplinary team approach working together to label cells and monitor the patients during the early phase clinical trials. 
ABBREVIATIONS
